Early-life adversity has become recognized as an important factor contributing to adult obesity and associated metabolic dysfunction. However, it is unclear whether obesity and metabolic dysfunction associated with early-life adversity result from coping strategies to deal with adversity-related emotional dysregulation, a direct programming of systems regulating metabolic function, or a combination. Interestingly, both early-life adversity and later-life dietary choices affect immune function, favouring pro-inflammatory mechanisms that are associated with obesity-related metabolic dysfunction. To investigate the unique and/or interactive effects of early-life adversity and later-life dietary choices for increased vulnerability to obesity and metabolic dysfunction, and specifically the role of the immune system in this vulnerability, we combined a naturalistic rat model of early-life scarcity-adversity with a rat model of obesity, the cafeteria diet. Our results indicate that early-life adversity alone induces insulin resistance, reduces pancreatic insulin secretion, plasma concentrations of triglycerides and cholesterol, and increases fasting glucose and tumour necrosis factor-plasma concentrations. Importantly, animals exposed to adverse rearing were more vulnerable to metabolic dysregulation associated with the cafeteria diet, given that they consumed more energy, showed more severe hepatic steatosis and increased concentrations of the pro-inflammatory cytokine interleukin-1 than normally reared animals fed the cafeteria diet. Together, our results suggest that early-life adversity negatively programmes physiological systems that regulate metabolic function and increases vulnerability to obesity and metabolic dysfunction in adulthood. These results highlight the intrinsic relationship between the quality of the early postnatal environment and later-life dietary choices on adult health outcomes.
INTRODUCTION
There is a long-standing recognition that abuse, neglect and trauma during childhood can negatively alter the developmental trajectory of the brain and increase vulnerability to mental health problems (Nemeroff, 2016) . Less is known, however, about how these harmful early-life exposures might confer an increased risk for metabolic dysfunction and obesity. Clinical reports indicate that childhood physical, psychological and sexual abuse increases the risk for obesity and metabolic disorders, such as insulin resistance and type 2 diabetes mellitus (Boynton-Jarrett, Rosenberg, Palmer, Boggs, & Wise, 2012; Danese & Tan, 2014; Huffhines, Noser, & Patton, 2016; Lee, Tsenkova, & Carr, 2014a; Rich-Edwards et al., 2010) . The few preclinical studies that have addressed this question have been able to replicate some of the metabolic syndrome features associated with early-life adversity in humans. Specifically, raising non-human primates in an environment with food insecurity increases rates of obesity and insulin resistance (Kaufman et al., 2007) . In rodents, maternal separation during infancy (the most common rodent model of early-life stress) results in the emergence of obesity and alterations in food intake and metabolic function (Bernardi et al., 2013; Ryu et al., 2008) . However, the most prevalent forms of early-life adversity encountered in infancy typically occur in the presence of the mother, whose behaviour is abnormal (Walker et al., 2017) . To this end, the present study uses a more naturalistic and chronic model of early-life scarcity-adversity, the lowbedding model, that more directly reflects an ethologically relevant form of early-life adversity.
Despite the progress of clinical and preclinical literature in demonstrating an association between early-life adversity and obesity and/or metabolic dysfunctions, the exact mechanisms mediating this relationship are still unclear; specifically, are obesity and metabolic dysfunction associated with early-life adversity a result of: (i) coping strategies to deal with the adversity-related emotional dysregulation (Michopoulos et al., 2015; Nelson et al., 2009 ); (ii) direct programming of central and peripheral systems regulating metabolic function that put the infant on a pathway towards obesity and metabolic dysfunction regardless of later-life dietary/behavioural choices (Loizzo et al., 2010) ; or, perhaps, (iii) some combination of these two mechanisms? To address this question, we combined a rat model of early-life scarcityadversity that replicates several aspects of the psychopathologies related to early-life adversity in humans (Raineki, Rincón-Cortés, Belnoue, & Sullivan, 2012 , 2015 Walker et al., 2017 ) with a rat model of obesity that more closely reflects Western diet habits, namely the cafeteria diet (Goulart, Ferreira, & Sanvitto, 2012; Sagae et al., 2012 Sagae et al., , 2013 . The use of these two well-established animal models together in a unified framework allows us to uncover the unique and/or interactive effects of early-life adversity and of later-life dietary choices on the increased vulnerability to obesity and metabolic dysfunction.
Systemic oxidative stress and chronic, low-grade inflammation have been suggested to be involved in the pathogenesis of many chronic physical and mental health problems, including depression and metabolic syndrome (Crujeiras, Días-Lagares, Carreira, Amil, & Casanueva, 2013; Furukawa et al., 2017; Hotamisligil, 2006; 
New Findings

• What is the central question of this study?
Early-life adversity is associated with increased risk for obesity and metabolic dysfunction. However, it is unclear whether obesity and metabolic dysfunction result from coping strategies to deal with adversity-related emotional dysregulation, a direct programming of systems regulating metabolic function, or a combination of both.
• What is the main finding and its importance?
Early-life adversity increases vulnerability to laterlife obesity and metabolic dysfunction, indicating that genetics and adult lifestyle are not the only determinants of obesity and related metabolic dysfunction. Moreover, consumption of cafeteria diet exacerbated metabolic dysfunction associated with early-life adversity, suggesting that poor dietary choices might have a bigger impact in the context of early-life adversity. Maletic, & Raison, 2009) . Interestingly, the list of health problems shown to have an oxidative stress and/or inflammatory aetiology overlap to a great extent with the list of diseases/disorders associated with early-life adversity (Boynton-Jarrett et al., 2012; Danese & Tan, 2014; Huffhines et al., 2016; Lee et al., 2014a; Nemeroff, 2016; RichEdwards et al., 2010) . Not surprisingly, exposure to early-life adversity increases levels of oxidative stress markers and induces an enhanced pro-inflammatory phenotype in adulthood (Hennessy, Deak, & SchimlWebb, 2010; Nusslock & Miller, 2016; Réus et al., 2017) . These proinflammatory phenotypes and increased levels of oxidative stress markers observed after early-life adversity are suggested to underlie some of the physical and mental health problems observed in these individuals. Importantly, the activity of the immune system can also be influenced by later-life dietary choices (Kiecolt-Glaser, 2010; LopezGarcia et al., 2004) . Indeed, consumption of a Western-style diet has been shown to induce a pro-inflammatory phenotype (Lopez-Garcia et al., 2004) . To this end, we interrogated the immune system as a possible system that mediates the unique and/or interactive effects of early-life adversity and later-life dietary choices for the increased vulnerability to obesity and metabolic dysfunction.
METHODS
Ethical approval
All experiments were approved by the Universidade Estadual do Oeste do Paraná Animal Care Committee (protocol no. 39/17) and were performed in accordance with the guidelines and regulations described in the Editorial by Grundy (2015) 
Naturalistic early-life scarcity-adversity model
From PN3 to PN9, half of the mothers (n = 27) were housed with limited nesting/bedding material (1000 ml, 1.2 cm layer). This limitedbedding environment has been shown to decrease the ability of dams to construct nests and results in an abusive-like maternal behaviour phenotype. Indeed, mothers provided with limited bedding material spend more time away from pups and show more rough handling (i.e.
aggressively grooming of pups, transportation of pups by their limbs, steping/jumping on pups; Raineki et al., 2012 Raineki et al., , 2015 Walker et al., 2017) . As a control, the remaining mothers (n = 27) were housed from PN3 to PN9 in cages with abundant bedding material (4500 ml, 5 cm layer) for nest building, during which time they were not disturbed.
Cafeteria diet
Beginning at weaning (PN21), male rats from both groups were housed in pairs and randomly divided into two dietary experimental groups: (i) Sagae et al., 2012 Sagae et al., , 2013 and water ad libitum, as detailed in Table 1 . The cafeteria diet was offered from PN21 until the day of experimental day PN98 ± 1.
Beginning at PN21, food intake was measured daily between 08.00 and 09.00 h. Food intake/drink intake was determined by subtracting the weight/volume of the food/drink offered from the weight/volume of leftover food/volume over a 24 h period. Energy intake was calculated from the known energy content (Table 1) of each food and averaged across the rats in the cage (Goulart et al., 2012) . The area under the curve of the energy intake was calculated using GraphPad Prism software (GraphPad Software, La Jolla, CA, USA). After termination by decapitation, perigonadal and retroperitoneal fat pad weights were measured. The relationship of perigonadal or retroperitoneal fat (in grams per 100 g of body weight) was used as a parameter to evaluate the incidence of obesity. Obesity was also evaluated by the Lee index, calculated using body weight (in grams) ⅓ /naso-anal length (in centimetres), and used as an index of obesity in rodents (Bernardis & Patterson, 1968) .
Experimental design
We used three different cohorts of animals, all of which were terminated at PN98 after exposure for 11 weeks to the cafeteria diet.
For the first cohort, we used 22 litters (11 normal rearing; 11 adverse rearing); for the second and third cohorts, we used 16 litters each (eight normal rearing; eight adverse rearing). The first cohort of animals was used to evaluate energy intake throughout the cafeteria diet exposure period. At PN98, animals from the first cohort were weighed and decapitated to obtain blood to assay plasma concentrations of cholesterol, triglycerides, cytokines and oxidative stress markers and to measure biometric parameters, including perigonadal and retroperitoneal fat pad mass. We also used the animals from the first cohort to evaluate hepatic fat accumulation. Decapitation was performed without prior anaesthesia by a certified and trained experimenter, because several of our experimental outcomes are sensitive to anaesthesia (Kurosawa & Kato, 2008) . The second cohort of animals was used to perform the intraperitoneal insulin tolerance test, and the third cohort of animals was used to evaluate pancreatic islet cell function.
Metabolic measures
Cholesterol and triglycerides
Cholesterol and triglycerides were measured using commercially available kits from Labtest Diagnostica (Minas Gerais, Brazil) and run according to the manufacturer's instructions. The lower limit of detection for cholesterol was 2 mg dl −1 , and the intra-and interassay coefficients of variation were 1.2 and 2.2%, respectively. The lower limit of detection for triglycerides was 3 mg dl −1 , and the intra-and interassay coefficients of variation were 1.3 and 1.9%, respectively.
Results are expressed in milligrams per declitre.
Intraperitoneal insulin tolerance test
At PN98 and after 8 h of fasting, rats were submitted to an intraperitoneal insulin tolerance test. Animals were tail nicked to collect basal blood samples and then injected I.P. with recombinant insulin [1 U (kg body weight) −1 ; Eli Lilly, São Paulo, Brazil], and tail-nick blood samples were collected at 5, 9, 12 and 15 min to measure blood glucose. The blood glucose was measured using a glucose analyser (AccuChek Advantage; Roche Diagnostic, Mannheim, Germany). Glucose measurements were converted to the natural logarithm, and the slope was calculated using linear regression [time × ln(glucose)] and multiplied by 100 to obtain the glucose decay constant rate during the insulin tolerance test (K itt ) per minute (expressed as a percentage per minute). At the end the experiment, animals were terminated by exposure to CO 2 in a rising concentration followed by secondary cervical dislocation.
Glucose-induced insulin secretion in isolated pancreatic islets
Isolation and incubation of pancreatic islets was performed by the collagenase technique, with adaptations. Briefly, rats were decapitated and their abdominal wall was cut and opened. Hank's buffered saline solution (HBSS; 10 ml) containing collagenase type V (1 mg ml −1 ; Sigma Chemical Co., St Louis, MO, USA) was injected into the common bile duct. The pancreas, swollen with the collagenase solution, was quickly removed and incubated in a plastic culture bottle for 15 min at 37 • C. The suspension obtained was filtered over a 0.5 mm metal mesh and washed five times with HBSS including 0.12% bovine serum albumin fraction V (BSA). The islets were collected with the aid of a microscope. Batches of four islets per animal were pre-incubated for 60 min in 1 ml of normal Krebs solution containing (mM): 120 NaCl, 4.8 KCl, 2.5 CaCl 2 , 1.2 MgCl 2 , 24 NaHCO 3 and 5.6 glucose. This solution was gassed with O 2 -CO 2 (95%-5%) to maintain pH 7.4, supplemented with BSA (0.12%). The pre-incubated islets were then incubated for 60 min in Krebs solution with glucose concentrations of either 5.6 or 16.7 mM. Samples from the incubation media were frozen and stored for further measurement of secreted insulin by radioimmunoassay.
Liver histology
Approximately 500 mg of the left medial liver lobe was isolated and fixed in 4% paraformaldehyde for 24 h. The tissue was then dehydrated in increasing concentrations of alcohol, diaphanized in xylol and then soaked in paraplast. The livers were sliced (5 m thickness) and stained by the conventional Haematoxylin and Eosin technique. Liver histology was determined based on a score for non-alcoholic fatty liver disease (NAFLD) or non-alcoholic hepatic steatosis (NASH; Kleiner et al., 2005) .
Cytokines
In order to determine cytokine concentrations, plasma samples were IL-1 , 1.1 pg ml −1 ; IL-10, 1.6 pg ml −1 ; and IL-6, 1.9 pg ml −1 . The intraand interassay coefficients of variation were both <10%. Results are expressed in picograms per millilitre.
Oxidative stress
Thiobarbituric acid reactive substances (TBARS), an index of lipid peroxidation, were measured in plasma samples. Samples (125 l) were incubated using 375 l of 0.67% thiobarbituric acid (TBA) and 250 l of 10% trichloroacetic acid (TCA). The mixture was vortexed and the reaction carried out in a boiling water bath for 1 h. After ice cooling, 1.5 ml of butyl alcohol was added to the mixture. The resulting pink-stained TBARS were determined spectrophotometrically at 535 nm. The sensitivity of the method is 1 M, and the results are presented as micromolar.
Statistical analyses
With the exception of hepatic steatosis data, which are expressed as a percentage, all other data are expressed as the mean ± SD.
With the exception of energy intake data, which were analysed by repeated-measures ANOVA (rearing conditions, diet and time as factors), all other data were analysed by two-or three-way ANOVA (for two-way ANOVA, rearing conditions and diet as factors; for threeway ANOVA, rearing conditions, diet and glucose concentrations as factors) as required. When significant, ANOVAs were followed by Newman-Keuls post hoc tests. Further analyses used planned pairwise comparisons to test the a priori hypotheses that: (i) exposure to adverse rearing will alter metabolic, hormonal and immune function compared with that observed in normally reared animals; and (ii) cafeteria diet will alter metabolic, hormonal and immune function compared with that observed in animals consuming the control diet. Outliers were identified and removed using the robust regression and outlier removal (ROUT) method, with maximum desired false discovery rate (Motulsky & Brown, 2006) . In all cases, differences were considered significant when P ≤ 0.05.
RESULTS
Energy intake
Our first assessment of the effects of early-life adversity and cafeteria diet was on the energy intake during the entire period of diet exposure.
Normally reared animals fed cafeteria diet consumed more energy than normally reared animals fed control diet for the entire period of diet exposure ( Figure 1a ). Adversely reared animals fed cafeteria diet also consumed more energy than adversely reared animals fed control diet for the entire period of diet exposure, with the exception of week 9. Moreover, animals exposed to adverse rearing and fed control diet consumed more energy than normally reared animals fed control diet at weeks 1 and 4; however, at week 2, normally reared animals consumed more energy than adversely reared animals. No difference in energy consumption between normally and adversely reared animals fed control diet was observed in the remaining weeks.
For animals fed cafeteria diet, adverse rearing increased energy consumption compared with normally reared from weeks 1 to 7; however, during the last week of diet exposure, normally reared animals consumed more energy than adverse reared animals. No difference in food consumption between normal and adverse rearing in animals fed cafeteria diet was observed in the remaining weeks [significant main effects of rearing conditions (F 1,40 = 7.30, P = 0.01), diet (F 1,40 = 314.56, P < 0.0001) and time (F 10,400 = 610.51, P < 0.0001); significant interactions between rearing conditions and diet (F 1,40 = 5.48, P = 0.02), rearing conditions and time (F 10,400 = 14.21, P < 0.0001), diet and time (F 10,400 = 49.26, P < 0.0001), and rearing conditions, diet and time (F 10,400 = 6.72, P < 0.0001)].
Analysis of the area under the curve for energy intake indicates that exposure to cafeteria diet increased the amount of energy consumed by both normal and adversely reared animals ( Figure 1b ).
Nevertheless, adversely reared animals fed cafeteria diet consumed more energy than normally reared animals fed cafeteria diet. However, both normally and adversely reared animals fed control diet did not differ in the amount of energy consumed [significant main effects of rearing conditions (F 1,40 = 7.69, P = 0.008) and diet (F 1,40 = 270.24, P < 0.0001), and significant interaction between rearing conditions and diet (F 1,40 = 7.52, P = 0.009)].
Biometric parameters
At PN98, we evaluated biometric parameters, including body weight, perigonadal and retroperitoneal fat pads, and nasal-anal length, to assess the unique and/or interactive effects of early-life adversity and cafeteria diet. Exposure to cafeteria diet was able to induce obesity in adulthood independent of the rearing conditions during infancy. Specifically, animals exposed to both normal and adverse rearing and fed the cafeteria diet presented significantly higher body weight and increased perigonadal and retroperitoneal fat pads compared with animals fed the control diet independent of the rearing conditions. However, animals exposed to adverse rearing showed smaller retroperitoneal fat pads than normally reared animals independent of diet [ Figure 
Metabolic parameters
At PN98, we also measured plasma concentrations of cholesterol and triglycerides to evaluate the unique and/or interactive effects of However, animals fed the cafeteria diet showed increased cholesterol concentrations independent of rearing conditions [significant main effect of diet for cholesterol (F 1,23 = 9.12, P = 0.006)].
Insulin resistance
In a second cohort of PN98 animals, we performed the intraperitoneal insulin tolerance test to evaluate the unique and/or interactive effects of early-life adversity and cafeteria diet on insulin resistance. Consumption of the cafeteria diet increased fasting glucose concentrations in normally reared animals compared with normally reared animals fed the control diet (Figure 3a) . Moreover, adverse rearing alone promoted an increase in fasting glucose concentrations, because animals fed with both the control and the cafeteria diet Analysis of insulin sensitivity indicated that exposure to adverse rearing induced insulin resistance independent of the diet consumed, as shown by the K itt . However, consumption of cafeteria diet reduced insulin sensitivity independent of rearing conditions [ Figure 3b ; significant main effects of rearing conditions (F 1,22 = 51.13, P < 0.0001) and diet (F 1,22 = 9.07, P = 0.006) for K itt ].
Glucose-induced insulin secretion in isolated pancreatic islets
In a third cohort of PN98 animals, we collected and challenged isolated pancreatic islets with increased concentrations of glucose to evaluate the unique and/or interactive effects of early-life adversity and cafeteria diet on pancreatic islet cell function. Analysis of glucoseinduced insulin secretion in isolated pancreatic islets indicated that 16.7 mM glucose induced higher insulin secretion than 5.6 mM independent of rearing conditions and diet (Figure 3c ). However, in the presence of 16.7 mM glucose, islets from normally reared animals showed higher insulin secretion compared with islets from adversely reared animals. This effect was independent of the diet consumed [significant main effects of rearing conditions (F 1,77 = 6.98, P = 0.01) and glucose concentrations (F 1,77 = 23.45, P < 0.0001), and significant interaction between rearing conditions and glucose concentrations (F 1,77 = 6.92, P = 0.01)].
Hepatic steatosis
The livers of animals in the first cohort were collected and stained with Haematoxylin and Eosin to evaluate the unique and/or interactive effects of early-life adversity and cafeteria diet on hepatic fat accumulation. Consumption of cafeteria diet induced hepatic steatosis in both normally and adversely reared animals when compared with animals fed control diet (Figure 4) . However, analysis of the severity of hepatic steatosis indicated that normally reared animals fed cafeteria diet displayed a less severe hepatic steatosis when compared with adversely reared animals fed cafeteria diet (Table 2) . Specifically, steatosis degree I was predominant in normally reared animals fed the 
F I G U R E 3 Effects of early-life adversity and postweaning cafeteria diet on fasting glucose (a), glucose decay constant rate during the insulin tolerance test (K itt ; b) and glucose-induced insulin secretion (c).
Bars represent the mean + SD [for (a) and (b), n = 6-8 for all groups; for (c), n = 5-14 for all groups]. For (a), *the group of normally reared animals fed control diet is different from all other groups. For (b), ‡ significant main effect of rearing conditions, where all adversely reared animals are different from normally reared animals, independent of diet; and † significant main effect of cafeteria diet, where all animals fed cafeteria diet are different from animals fed control diet, independent of rearing conditions. For (c), *the group of animals normally reared and challenged with 16.7 mM glucose were different from all other groups; † significant main effect of glucose concentrations, where all animals challenged with 16.7 mM are different from animals challenged with 5.6 mM, independent of rearing conditions; and ‡ significant main effect of rearing conditions, where all adversely reared animals are different from normally reared animals, independent of diet cafeteria diet (86%), with 14% of the animals showing no steatosis.
However, the incidence of hepatic steatosis degree II was higher in adversely reared animals fed cafeteria diet, because 43% of the animals presented steatosis degree II and 57% presented steatosis degree I.
Cytokines and oxidative stress markers
Plasma from animals in the first cohort was collected to evaluate 
DISCUSSION
The present results highlight the power of early-life adversity to alter development negatively by increasing vulnerability to obesity and metabolic dysregulation. Our data demonstrate that exposure to earlylife adversity alone induced a variety of changes to metabolic function: insulin resistance; reductions in pancreatic insulin secretion, plasma concentrations of triglycerides, cholesterol and TBARS; and increases in the Lee index, fasting glucose and TNF-plasma concentrations.
Importantly, consumption of the cafeteria diet exacerbated and/or uncovered some metabolic dysfunction associated with early-life adversity. Indeed, adversely reared animals were more vulnerable to metabolic dysregulation associated with cafeteria diet, in that they consumed more energy and showed a more severe degree of hepatic steatosis and increased concentrations of the pro-inflammatory cytokine IL-1 than normally reared animals fed the cafeteria diet.
Impact of early-life adversity and cafeteria diet on energy intake and biometric parameters
Our results indicate that adverse rearing induced higher energy consumption only if animals were offered the cafeteria diet, suggesting that early-life adversity increased the preference for more palatable foods. This increased preference for cafeteria diet corroborates previous findings demonstrating that female rats exposed to a similar early-life adversity model displayed increased preference for and intake of palatable, high-calorie, sugar/fat-enriched foods (Machado et al., 2013) . The clinical literature has shown that individuals with a history of childhood abuse can use emotional eating as a coping strategy to deal with current symptoms of depression and/or emotional dysregulation (Michopoulos et al., 2015) . Likewise, the rodent literature has demonstrated that consumption of 'comfort foods' ameliorates some of the stress and emotional dysregulation (Kim et al., 2015; Lee, Kim, & Jahng, 2014b; Maniam & Morris, 2010; Nelson et al., 2009 ). Thus, the increased preference for cafeteria diet induced by early-life adversity might be an attempt to ameliorate some of the emotional dysregulation experienced by adversely reared animals (Raineki et al., 2012 (Raineki et al., , 2015 Walker et al., 2017) . The increased energy consumption observed in adversely reared animals fed cafeteria diet might also reflect an adversity-induced dysregulation of signalling pathways within the complex and overlapping neural structures regulating hunger and satiety (Heisler & Lam, 2017) .
Cafeteria diet induced an increase in body weight and body fat deposits, which replicates previous work (Gomes-Smith et al., 2016; Sagae et al., 2012 Sagae et al., , 2013 Sampey et al., 2011) . Our results also indicate that early-life adversity did not differentially increase body weight or body fat deposits, despite the higher energy consumption by adversely reared animals fed cafeteria diet, a finding which contrasts with previously reported increases in adiposity in adversely reared mice exposed to a Western-style diet (Yam et al., 2017) . In fact, adversely reared animals in the present study showed smaller retroperitoneal fat pads than normally reared animals. Finally, despite comparable overall energy intake, body weight and perigonadal fat pad mass between normally and adversely reared animals fed control diet, adversely reared animals showed an increased Lee index (a measure of obesity in rodents) possibly as a result of the reduced nasal-anal length observed in these animals. This adversity-related reduction in nasal-anal length in adulthood corroborates reports from the clinical and epidemiological literature demonstrating that adverse childhood experiences negatively impact growth, leading to an overall shorter stature later in life (Johnson & Gunnar, 2011) .
Impact of early-life adversity and cafeteria diet on metabolic function
Our results are in line with clinical findings (Huffhines et al., 2016; Rich-Edwards et al., 2010) demonstrating that exposure to earlylife adversity induces metabolic dysfunction. Importantly, the novelty of the present results stems from our finding that adversity-related insulin resistance occurred regardless of consumption of cafeteria diet, suggesting that adult lifestyle and genetics are not the only determinants of chronic metabolic disorders. Interestingly, using a more severe early-life adversity model, in which Sprague-Dawley rats are housed in a cage with a metal bottom and a single piece of paper towel as bedding from PN2 to PN9 resulted in improved glucose and insulin tolerance in animals fed control or high-fat and high-sugar diets (Maniam, Antoniadis, Wang, & Morris, 2015) , which contrasts with our present findings of insulin resistance in Wistar rats regardless of the diet offered. These contradictory results help us to appreciate the important role that each individual variable within an animal model plays in the development of neurobiological mechanisms that regulate metabolic function (Walker et al., 2017) .
Here, we also observed that pancreatic islets from adversely reared animals exhibit reduced glucose-induced insulin secretion in the presence of high-glucose conditions, suggesting a direct programming effect on the activity of -pancreatic cells. Inability to secrete the appropriate amount of insulin in response to increasing glucose concentrations can lead to increased concentrations of glucose in the plasma (Waterland & Garza, 2002) . Not surprisingly, the present 
Impact of early-life adversity and cafeteria diet on hepatic steatosis
Consumption of cafeteria or high-fat diet has been shown to promote accumulation of lipids in the liver, resulting in the development of NAFLD, a chronic liver disease that is considered to be the hepatic component of metabolic syndrome (Marceau et al., 1999; Nakamura & Teraushi, 2013; Sampey et al., 2011) . Our data showed that consumption of cafeteria diet led to increased fat deposition in the liver. Importantly, adversely reared animals fed cafeteria diet showed a higher degree of hepatic steatosis than their normally reared counterparts, suggesting that adversely reared animals are more predisposed to develop NAFLD. The degree of severity of NAFLD varies from mild hepatic steatosis to NASH (Jansen, 2004) . It has been suggested that both systemic and locally produced pro-inflammatory cytokines mediate the progression of NAFLD to NASH (Anty et al., 2006; Poniachik et al., 2006; Tilg & Diehl 2000) . Accordingly, we suggest that the increased concentrations of IL-1 observed only in adversely reared animals fed cafeteria diet might mediate the increased severity of the manifestation of hepatic steatosis in these animals.
Non-alcoholic fatty liver disease is also associated with other characteristics of metabolic syndrome, including impaired glucose tolerance and hyperinsulinaemia (Marceau et al., 1999) . In fact, peripheral insulin resistance is considered a better predictor of hepatic injury in NAFLD (Rosso et al., 2016) , because insulin resistance in obese subjects is directly associated with lipid accumulation in the liver (Eissing et al., 2013; Samocha-Bonet, Chisholm, Tonks, Campbell, & Greenfield, 2012) . Our data indicate that early-life adversity induced insulin resistance, which might contribute to the development of hepatic steatosis observed in adversely reared animals fed cafeteria diet. Non-alcoholic fatty liver disease is also associated with reductions in lipid oxidation and increased triglyceride esterification, resulting in a higher content of liver triglycerides (Postic & Girard, 2008; Yu et al., 2005) . Indeed, our observations of reduced plasma triglyceride and cholesterol concentrations and increased hepatic steatosis in adversely reared animals could be an indication of reduced fatty acid oxidation and/or increased triglyceride esterification in the liver. If so, the potential beneficial effect of the adversity-related reduction in plasma triglyceride and cholesterol concentrations might be attributable to an abnormal lipid metabolism that results in re-routing of triglycerides and cholesterol to the liver, where they become lipid deposits and contribute to the development of NAFLD. Finally, animal models of obesity that use high-carbohydrate, high-fat diets show that increased plasma and liver levels of oxidative stress markers occur alongside hepatic steatosis (Ulla et al., 2017) . In the present experiment, we observed that hepatic steatosis in normally reared animals fed cafeteria diet occurs in the context of increased plasma concentrations of TBARS, suggesting that the mechanism leading to steatosis in these animals seems to include increased oxidative stress.
Impact of early-life adversity and cafeteria diet on inflammation
Clinical and preclinical literature has demonstrated that exposure to early-life adversity can result in a long-lasting pro-inflammatory phenotype (Baumeister, Akhtar, Ciufolini, Pariante, & Mondelli, 2016; Coelho, Viola, Walss-Bass, Brietzke, & Grassi-Oliveira, 2014; Hennessy et al., 2010; Nusslock & Miller, 2016) . Importantly, a chronic low-grade pro-inflammatory bias is associated with an increased predisposition to develop several diseases/disorders, including metabolic syndrome, diabetes, cardiovascular disease and mental health disorders (Bilbo & Schwarz, 2009; Després & Lemieux, 2006; Gregor & Hotamisligil, 2011; Meyer, Feldon, & Yee, 2009) . Our data corroborate the literature by demonstrating that early-life adversity induced a bias towards proinflammatory cytokines (TNF-, IL-6 and IL-1 ) in the periphery.
Tumour necrosis factor-, IL-6 and IL-1 are all known to play crucial roles in the regulation of insulin sensitivity by activating different steps in the insulin signalling pathway (Bastard et al., 2006; Dandona, Aljada, & Bandyopadhyay, 2004; Shoelson, Lee, & Goldfine, 2006) .
Tumour necrosis factor-has been directly associated with insulin resistance, because TNF-downregulates the tyrosine kinase activity of the insulin receptor, which inhibits the insulin signalling pathway (Hotamisligil, 2006; Krogh-Madsen, Plomgaard, Møller, Mittendorfer, & Pedersen, 2006) . Thus, it is likely that the adversity-related overproduction of TNF-contributes to insulin resistance observed in these animals. Importantly, diet played a crucial role in modulating which cytokine was overproduced and therefore contributed to the adversity-related pro-inflammatory bias. Indeed, adversely reared animals fed the control diet showed increased concentrations of IL-6, but adversely reared animals fed cafeteria diet showed increased concentrations of IL-1 . Taken together, these results suggest that insulin resistance observed in adversely reared animals might be supported by different underlying mechanisms depending on diet.
Inflammation is also closely linked to the decrement in pancreatic islet -cell mass and function, which results in reduced insulin availability (Burke & Collier, 2015; Wållberg & Cooke, 2014) . The inflammatory-induced decrement in the number of islet -cell and their function is central to the development of both type 1 and type 2 diabetes mellitus (Burke & Collier, 2015) . Our data indicate that adversely reared animals show increased concentrations of proinflammatory cytokines and that their pancreatic -cells were unable to mount an appropriate response to high glucose concentrations, secreting less insulin than the -cells from normally reared animals.
Thus, we suggest that the increased pro-inflammatory cytokines observed in adversely reared animals affect the function of pancreatic -cells, reducing their ability to secrete insulin and subsequently putting them on a pathway to develop diabetes.
Obesity, particularly abdominal obesity, is also accompanied by chronic low-grade inflammation, which might contribute to metabolic abnormalities, such as insulin resistance (Després & Lemieux, 2006; Gregor & Hotamisligil, 2011) . Animal models have replicated some aspects of these clinical phenomena by showing that diet-induced obesity is associated with increased systemic concentrations of IL-6 (Zeeni, Dagher-Hamalian, Dimassi, & Faour, 2015) and increased visceral adipose tissue concentrations of TNF-, IL-6 and IL-1 (Cani et al., 2008; Li et al., 2008; Terra et al., 2011) . However, dissociation between the diet-induced inflammation and metabolic abnormalities are not uncommon (Carillon et al., 2013; Lee et al., 2011) . Indeed, exposure to a high-fat diet in mice results in insulin resistance within days; however, inflammation is detected only after 16 weeks (Lee et al., 2011) . In rats, 19 weeks of cafeteria diet induced insulin resistance that was associated with increased levels of hepatic oxidative stress markers but not pro-inflammatory cytokines (Carillon et al., 2013) . Our data indicate that after 11 weeks of cafeteria diet, normally reared animals developed obesity and showed increased concentrations of TBARS. However, obesity was not associated with increased concentrations of pro-inflammatory cytokines or insulin resistance.
The relatively short exposure to cafeteria diet, at least in part, explains why we did not observe insulin resistance in normally reared animals.
However, the increased concentrations of oxidative markers (e.g. TBARS) in normally reared animals fed cafeteria diet suggest the initial steps in the development of later metabolic dysfunction. Despite not inducing the classical metabolic dysfunctions generally observed in normally reared animals, the cafeteria diet protocol used in the present experiment was instrumental in demonstrating that adversely reared animals are vulnerable to Western-style diets, as evidenced by higher energy consumption and a more severe degree of hepatic steatosis in adversely reared animals than in normally reared animals fed the cafeteria diet.
Implications and conclusions
The present data demonstrate that early-life adversity can negatively programme physiological systems that regulate metabolic function, increasing the vulnerability for later obesity and metabolic dysfunction. These results highlight the importance of the early environment in the development of long-term health outcomes and suggest that genetics and adult lifestyle are not the only determinants of obesity and related chronic diseases. Nevertheless, our data also indicate that consumption of the cafeteria diet exacerbated some of the metabolic dysfunction associated with early-life adversity, suggesting that poor dietary choices later in life might have a bigger impact in the context of early-life adversity. An important caveat is that the present study used only male rats and, as such, our findings and conclusions might not apply directly to females. Indeed, the literature has demonstrated that males and females can respond differently to early-life adversity depending on the outcome evaluated (Maniam & Morris, 2010; Walker et al., 2017) .
